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ABSTRACT

The problem of instrumenting the strain in all three coordinate direc-
tions on a body whose surface temperature is 1100 to 1650°C was addressed . No
pre-existing satisfactory solution was found in the literuature . A new needle
and pivo t point (NAPP) mechanism for strain instrumentation is therefore
proposed. Calcula tions of the thermal and mechanical performance of the
device in dicate that it should satisfy the desired instrumentation character-
istices . The device could be used to measure triaxial strains simultaneously
at 40 or more different locations on a test structure .
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INTRODUCTION

In order to design aerospace and defense structures which are economical
in weight and yet structurall y sound , it is often necessary to perform mechan-
ical tests at the elevated service temperature anticipated for the structure .
Such tests should be made initi ally on the materials from which the structure
may be fabricated , and fina l ly, certain critical structural components should
be instrumented and tested under conditions which simulate the service envi-
ronment as nearly as possible .

The application and measurement of loads (stresses) on both laboratory
and structural spec imens i s rela tive ly straight-forwara , for the most part ,
because the load transducers can easily be located remotely from the hot
specimen. Strain measurements , on the other hand , have been much more dif-
ficult. In order to properly analyze the response of an actual structure
(such as a frustum of a cone used in a missile) to applied loads at high tern-
perature , strain measurements in all three coordinate directions are needed at
a re lat ively large number of points on the structure surface whose temperature
may be 1100 to 1650°C.

The initial effort of the contract therefore consisted of a literature
search and a survey of existing measuring techniques to determine which ones ,
if any , could fulfill the needs of the projected high-temperature strain in-
strumentation problem. A review of the survey is given in the next section.

Since no acceptable instrumentation method was found in the literature
survey , ideas for new high-temperature strain-measuring techni ques were formu-
lated in an attempt to solve the problem. One of these , using a Needle And
Pivot Point (NAP P) mechan i sm , appeared promising , and hence was studied in
some detail to determine its calculated performance characteristics. The
feasibility study of the NAPP high—temperature strain instrumentation is
discussed following the review of the literature survey.
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HIGH-TEMPERATURE STRAIN INSTRUMENTATION
FEASIBILTIY STUDY

Background:
The objective of the feasibility study was to define the optimum approach

for measuring strains in two different high-temperature test configurations.
-
~~ The first configuration of interest was that of a laboratory specimen , prob-

ably of the standard 1dog-bone~ tensi le specimen design , in which resistance
heating would be used to achieve temperatures of 1100 to 1650°C in times of
about 1.5 sec or less. Immediatel y following the attainment of the desired
temperature , the specimen might be subjected to a dynamic test which may last
only a few msec. Longitudinal strain resolutions of 0.1 percent or better
were desired during the test.

The second test configuration of interest consisted of an actual struc-
tural componen t, probably in the form of a frustum of a cone which may be
about 300 mm diameter at the base. The cone would be heated rap idly to 1100 to
1650°C by a surrounding furnace , and subsequently subjected to various loads
approximating the service environment. Biaxial surface strain measurements
p lus radial deflection measurements were desired at a number of locations on
the structure , perhaps 40 in all. Good strain resolution and rap id response
times to accommodate dynamic testing were again required. -

The desired specificiations of the strain-measuring instrumentation
systems for both test configurations are shown in Table I. Of course , it
would be an advantage to use basically the same high-temperature strain-mea-

• suring concept for both test configurations , but unrelated strain transducers
for the two configurations were also considered acceptable.

The initial effort of the feasibi l i ty study centered on a literature

• survey of existing techniques as described below .
Literature Survey:

Some of the references stud ied with regard to the high-temperature strain
problem are discussed below.

Nonoptical Techniques: In 1973, M. M. Lemcoe of Batelle Columbus Lab-
oratori es prepared a fina l report on uDeveloprnent of High Temperature Strain
Gages ” under NASA Contract NAS 1-11277. The report concerns electrical re-
sistance strain gages good to about 820°C for one hour. The relatively low
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TABLE .!
STRA IN GAGE RE~U!REMENTS

(1) (2)
SFEC!tf.N W~F1GURAT!CN LAB SFECINH~ ST~JC11JES

(Rw,~t OR FLAT) (FF~JSTA)

SFECII(N D!N~TER 2,5 111 TO 9) r~ti MIN OR 0.11. = 200 ~,i
(wrnm) M~ci~ 0.D. = 3J0 i’~i

G~t 1ENGThS 3rii To 9) r~’i N/A

STRAIN ~ESOtJJfICN MOl OR BETTER . OQ1 OR BETTER

STRAIN RA1ES liP io 10/sEc liP TO 10/SEC

TEMERAT1J~S R.T. to 169)°C R.T. to i&9fc

SFECI~tN FEAT-4P RATE tip TO ll0(?C/sEc UP TO 200°C/SEC

S1~iK TIT~E AT TEll’ 0 TO I M)EF INITE 0 TO I NDEFINI TE

~~~TjlJ~ STRAIN 0.1 0,1

~tLTIP1E GN~ RJINIS No YES
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~~ maximum temperature of the technique di;courages its use for the problem under

consideration here.
In 1969 - C. H. Wel ls of Pratt & Whitney Aircraft , Middletown , Conn. ,

published a paper in ASTM STP 465 , p. 87 , entitled “ Elevated Temperature
Testing Method” . In the paper he describes a strain-measuring system in-
volving aluminum oxide rods attached to the gage points of a tensile test
specimen such that an LVDT attached to the other ends of the rods measures the
strain. The technique , as presented by Wel ls , wou ld cause severe temperature
disturbances in the specimen for the rapid heating rates considered in this
study .

A very similar technique , except for using a variable capacitance trans-
ducer in place of the LVDT , was described in ASME Paper 73 /WA/PVP -4 , “ Elastic -
Plastic Creep Analysis of Therma l Rachett ing in Strai ght Pipe and Comparisons
with Test Results by J. R. Corum and W. K. ~artory in 1913. The capacitance
transducers had the advantage that they would withstand temperatures in excess
of those associated with LVDT ’ s. However , the maximum temperature of 600°C
cited in the paper is far too low to be of interest here.

Optical Techni ques: The optical methods of measuring strain generall y
have much higher maximum temperature l imitat ions than the nonoptical tech-
niques described in the literature . Quite a number of papers have been writ-
ten on holographic measurement of strain. However , these techniques are
generally restricted to displacements which are very small compared to those
of interest here ; furthermore , they generally require a degree of stability of
the test apparatus which is not easily attained. Fina lly, holographic strain
measurement in all three coordinate directions would be a formidable task at

F room temperature . For a specimen inside a furnace at 1650°C , it would be a
doubtful goal to pursue.

An optical method which may be applicable to the L~horatory test specimen

r case was described by W. N. Sharpe , Jr. , “Interfervc~tric Surface Strain
Measurement” , International Journal of Nondestructive Testing, Vol. 3, p. 59
(1971). He used laser light reflections from two closely spaced indentations
to produce a fringe pattern , and the fringe shift during the experiment was
sensed photometricall y and related to the strain between the two indentations.
His gage length was 0.125 mm , his sensitivity was 0.25 percent strain , and he
measured dynamic plastic strains as large a 8 percent. He also used square
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• 
- i ndentations for biaxial strain measurement , but no method of measuring radial

displacement is mentioned.
Another optical method applied to laboratory specimens was published by

R. H. Marion of Sandia Laboratories in his paper entitled “A New Method of
High-Temperature Strain Measurement ” , in Experimental Mechanics , Vol. 18,
p. 134 (1978). Marion cemented two small nodules to the tensile specimen to
mark the gage length , and followed the motion of the nodules during the test
using laser illumination and commercial optical trackers. This method would
probably cause a rather severe temperature disturbance around the nodules
cemented to the specimen for the case of interest here , in which very rapid
heating is required.

A very similar method was reported by S. G. Babcock , P. A. Hockstein , and

L. J. Jacobs of the General Motors Materials and Structures Laboratory in
Technical Report SAMSO TR 69-393 , Vol . II , “Hi gh Heating Rate Response of Two
Materials from 72°F to 6000°F” , dated 1970. However , instead of using nodules
cemented to the sides of the specimen , Babcock , et.al . , used Ta and Hf re-
flecting bands to mark the gage length. They found that successful applica-
tion of the reflecting bands required a complicated high-vacuum sputtering
p roces s using ultra-clean surfaces and high-purity Hf and Ta.

The optical methods of Babcock , et.al . , and of W. N. Sharpe , Jr. , would
both appear to be acceptable candiates for measuring the desired strains for
the case of the rapidly-heated laboratory tensile test specimen. However , any
optical system other than holography would become infeasible when expanded to
the simultaneous measurment of as many as 40 locations on a sing le structure

- 
. because of the cost and complexity of the test set-up . Furthermore , none of

the methods found in the literature , including holography , was designed to
measure biaxial strains plus radial displacement. Therefore , it was concluded
that a new strain-measuring system is needed to satisfy the requirements of
the test on high-temperature structures.
The Needle And Pivot Point (NAPP) Device:

A number of ideas for the desired strain instrumentation were generated ,
some of which required a compound system , such as optics and ultrasonics , to
provide the high-temperature strain and displacement measurements. However ,
onl y one idea seemed to come close to satisfying the desired specif ications
and yet appeared simple , economical , and e n t i r e l y feasible using present 

- 
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technology , it was reasoned that a ceramic needle could be passed through a
hole in the furnace wall and be spring-loaded with its point pressed against
the structure to be instrumented. Just outside the furnace wall , the needle
would pass through a pivot point which would allow the needle to move freely
along its own axis , but would prevent any motion perpendicular to its axis.
Beyond the pivot point , therefore , the motion of the shank of the needle would
reflect the motion of the needle-point , i.e. , the point of interest on the
specimen , in all three spatial directions. Thus , the motion of interest would
be translated from inside the furnace to the room-temperature environment
where the motion could be measured by standard techniques. By differencing
the motion measured by any two such devices placed adjacent to each other , a
measure of strain between the needle contact points would be obtained , plus
two measurements of radial displacement. A suitable array of the devices
would therefore provide the desired multiple measurements of biaxial strain
and radial displacement.

A particularly simple method of pivoting the ceramic needle and still
allowing motion along the needle axis would be to pass the needle through the
center of a unidirectional sheet spring, as shown in Figure 1. A model of the
Needle And Pivot Point (NAPP) mechanism has been made , a photograph of which
appears in Figure 2. The NAPP mechanism might be used to instrument a point
on a body inside a furnace as i l lustrated in Figure 3. In order to instrument
a large number of points on a cone structure in a furnace , for example , in-
strumentation units , each containing several NAPP transducers , could be placed
around the structure , as i ll ustrated in Fi gure 4. Eight such units containing
f ive NAPP transducers each would instrument 40 locations on a structure. The
data from such an array would provide 32 measures of long itudinal strain , 40

measures of laterial strain , and 40 measures of radial displacement. A sim-
plified NAPP transducer could also be used for instrumenting the strain in a
l abora tory tens il e spec imen , as shown in Figure 5.

Before concluding that the NAPP system could satisfy the desired hi gh-
temperature strain-measuring specifications , it was necessary to investigate
several aspects of its performance. The four most important of these inves-
tigations are described below.

-6-
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Figure 1. Needle and Pivot Point (NAPP) Mechanism .
A. Ceramic needle
B. Unidirectional shect spring (stainless steel)
C. Slots in stainless steel sheet
D. Points of attac hment to supporting structure

(not shown)
E. Pivot point

________
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Fi gure 2. Model of the NAPP mechanis m.
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FRUSTUM

OVE N
WALL

I

CERAMIC
WOOL

-TRAN SDUCER INSULATION

X-TRANS DUCER

UNIDIRECTION AL SPRING

FIgure 3. 3—D NAPP displacement transducer. The Z-transducer is not shown ,
but ft may consist of strain gages mounted on the unidirectional
spring .
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Figure 4. Mu ltip le-poInt NAPP module.
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SPECIMEN

STRAIN — GAGED
D E T E C T O R

- Figure 5. 1-0 NAPP strain transducer.
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Ceramic Needle Material: First , it had to be determined whether a suit-
able high-temperature ceramic mater ial exists from which the needles for the
NAPP transducers could be made. The needle material should have a high mod-
ulus for good frequency response , a low thermal conductivity so as not to
create a large temperature disturbance at the contact point with the specimen ,
good strength at temperatures to 1650°C, and should be sharpenable to a point
with an end radius of no more than about 0.025 mm (0.001 in). Futhermore , the
ceramic should have good thermal shock resistance.

A study of the properties of various ceramics indicated that hi gh-purity
aluminum oxide would probably be the optimum material. Its modulus is 393 GPa

• (57x106 psi) , and its therma l conductivity is relat ively law , decreasing from
39.7 W/m .K at room temperature to 6.3 W/m •K at 800°C. The maximum no-load use
temperature is 1900°C , and although it displays a creep behavior at tempera-
tures above 1400°C , it should be useful for short times in the NAPP applica-
tion for specimen temperatures up to 1650°C.

A sample of 3.2 mm diameter A 1 203 rod was obtained to test its sharp-
enability. The rod was easi ly ground to a point of radius 0.025 mm or less by
the use of a fine diamond grinding wheel. The ceramic needle was then ther-
mally shocked by suddenly pressing its point onto a metallic surface at 650°C.
Several such thermal shocks failed to produce any visible damage to the needle
point.

Thus , it is concluded that hi gh-purity A 1 203 ceramic is a good candidate
material for the needles in the NAPP transducers.

Temperature Disturbance in Specimen: The most severe temperature dis-
turbance due to the needle-point’ s conduction of heat away from the specimen
at the contact point would occur in the laboratory tensile test specimen which
is electri cal resistance -heated at up to 1100°C per sec . It was necessary to
write a small special-purpose computer program to solve the transient heat-
transfer prob l em and thus to determine the magnitude and extent of the tem-
perature disturbance. A listing of the program , named THETA , is included as
Appendix A. The program was written using the finite element approach. The
contact area at the needle-point was assumed to be a circle 0.075 mm
(0.003 in) in diameter. The needle-point cone angle was assumed to be 30°,
and the temperature in bulk of the specimen material was assumed to rise
l inearly from room temperature to the maximum temperature for the specimen

-12-
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materi al (1100°C or 1650°C). The temperature variati on of the therma l con-
ductivity of the Al 203 needle was included , but a constant thermal conduc-
t i v i t y  of the specimen material proved adequate.

The program calculated the temperature history both in the specimen and
in the needle; the heat flow rate from the specimen into the needle was also
computed. Computer runs were made for three different specimen materials:
beryllium , Mar-M-200 (a 60 percent Ni alloy), and TZM (a Mo alloy containing
Ti and Zr). The max imum temperatures for these materials were assumed to be
1100°C, 1100°C, and 1650°C, respectivel y, with a heating rate of 1100°C/sec in
all cases.

Fi gures 6 , 7 , and 8 show magnified idealized drawings of the needle poin t
contacting the specimen. For purposes of computation , the needle-point end is
assumed to be flat. This is also conservative inasmuch as the heat flow into
the needle would be more restricted by assuming a hemispherical end , for
example. Fi gures 6 , 7 , and 8 also show the calculated temperature distrib-
utions in the specimen at the instant when the bulk of the specimen reaches
the maximum temperature , at which time the temperature disturbance in the
vicinity of the needle point is the most severe. The maximum temperature
disturbance was 156°C in the Mar-M-200 material because of its relatively low
thermal conductivity . However , Figure 7 shows that at a depth of only 0.1 mm
(0.004 in) from the contact point , the temperature disturbance is less than
30°C, and at 0.25 mm( 0.010 in) depth it is onl y 8°C. Fi gures 6 and 8 show
that the temperature disturbances for Be and TZM are about one-third as large
as for the Mar-M-200.

Considering the modest magnitudes of the temperature disturbance s and
co~~i d e r i n g  the  very small volume of specimen material involved , it was con-

that the disturbances will have a negligible effect on the stress-
strain test results. The onl y possible exception mi ght be in a tensile test
to failure , where thermally-induced stresses at the needle contact points
might contribute to premature failure at those points.

Frequency Response: Since it is desired to instrument strains up to
0.1 mm/mm at strain rates up to lO/sec , a particular test may last on ly
10 msec , which is the time to reach a strain of 0.1 at a strain rate of 10/sec.
An adequate instrumentation system should therefore have a 10 to 90 percent
rise-time of better than 1 msec , and hopefully it should be as short as

• 0.1 msec .
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BERYLLIUM IlOO’C

0.25mm

0.10mm

1097°C 1093 C 1054 C

FIgure 6. Temperature distribution around the needle contact point in a
beryll itr specime n after heating to 1100°C in 1 sec .
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MAR- M -’ 200 IIOO C

0. 25 mm

0.10 mm

1092 C 1074 C 944°C

FIgure 7. Temperature distribution around the needle contact point in a
Mar-M -200 spec i men after heati ng to 1100°C in 1 sec .
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TZM 650°C

0.25m m

1647°C 642°C

Figure 8. Temperature distribution around the needle contact point in a
Tfll specimen after heating to 1850°C in 1 .5 sec.
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It is anticipated that electrical resistance strain gage technology w i l l
be used to instrument the motion of the end of the ceramic needle in the NAPP

S transducer , as indicated in Figures 2 and 5. Rise-times of 0.1 msec are no
problem for the electrical circuits associated with strain gages; thus , only
the mechanical response of the system is of concern.

Since the strain-gaged arms which respond to the motion of the rear end
of the needle can be made quite short compared to the length of the needle , it
appears that the major contribution to the rise-time wi l l  come from the nat-
ural resonant vibration frequency of the needle itself. Therefore , the equa-
tion from Roark’ s Formulas for Stress and Strain , Fourth Edition , p. 369, for
the natural frequency of a beam with supported ends was used to estimate the
rise-time of the needle. The length from the pivot point to the needle point
was taken as the length of the beam , and the rise-time was taken as one-third
of the period. With these assumptions , and using the density and modulus of
Al 203 for the beam properties , the rise-time vs. needle length is shown in

• Fi gure 9 for several needle diameters. It appears from Figure 9 that a rise-
time of less than 1 msec may be attainable with needle lengths up to about
200 mm (8 inch), but that a rise-time of 0.1 msec may be difficult to achieve
even with needles as short as 100 mm from the sharp end to the pivot point.

The above calculations were made assuming a solid Al 20~ needle of cir-
cular cross section. Gains of 10 percent or more in rise-time can be achieved
by using a hollow tube for most of the length of the needle. A 12 percent
decrease in the rise-time was calculated for a given outer diameter as a
result of changing from a solid rod to a tube with an inner diameter of half
of the outer diameter. Also , the heat transfer along the length of the tube
would be 25 percent less than in the rod , provided convection in the core of
the tube could be prevented. A decrease of nearl y 50 percent in rise-time
could be attained by making the needle body of beryllium rather than Al 2 03,
but still using A 1 2 03 for  the sharpened tip becuase of its good hi gh-temper-
ature strength and low thermal conductivity . The beryllium has a hi gher
modulus-to-density ratio than Al 203, which helps the frequency response ,
assuming an equivalent weight/length ratio. The beryllium has a much hi gher
therma l conductivity , however , which may be a detriment because of heat con-
duction to the instrumented shank end of the needle. Also , it melts at about

—1 7- 
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FIgure 9. SIgnal rise time vs. length of the ceramic needle for three
needle diameters.
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1350°C, and therefore cannot be used at temperatures as hi gh as those which
can be tolerated by A1 203.

To summarize , it appears that a frequency response of 1 msec or po ssibl y
substantially better should be attainable for the envisioned usage of the NAPP
system.

Data Acquistion System: Thus far , the discussion has considered for the
- 

S 
most part only the transducer device which could be used in a multiple array
to monitor triaxial motion at 40 locations on a structure in a high-tempera-
ture test facility . However , because three channels of information (motion in
the x , y, and z directions) come from each monitored location , a successful
test would require essentially simultaneous collection of data from 120 in-
formation channels. Moreover , since the entire test may last only 10 msec ,
and since at least 100 data points may be desirable from each information
channel over the duration of the test , the desired data collection rate will
probabl y be at least 1.2x106 data readings per second , on the average.

The feasibility of constructing a suitable data acquisition system using
primarily commercial hardware was discussed with several representatives of
companies which supply the app licable hardware. The general feeling was that
such a data acquisition system would not be trivial to construct , but that it
is certainly within the state of the art. Very preliminary estimates of its
cost were in the range of $40,000 to $100,000, including the computer to store
and process the data.

Another potential problem concerning data acquisition arises from the
very high 60 Hz AC electric al currents which are used for heating the labora-
tory specimens from room temperature to 1100°C in only 1 sec. The electrical
noise pick-up in the strain gages of the NAPP transducer would seem at first
to present a difficult problem . However , an electronics circuit called a
“phase locked loop” si gnal conditioner promises to be of help. In essence , it
allows the strain gage si gnals to be transmitted at a particular frequency
other than the 60 Hz interference frequency , and strong ly rejects any noise
other than at the frequency of the strain gage si gnal. Phase locked loop
circuits are available as integrated circuit devices.

The investi gations of the predicted performance characteristics of the
NAPP transduce r have proved quite enc ourag ing. The device promises to be
rather inexpensive to make and to use , re la t ive to some other hi gh-temperature
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strain instrumentation methods , yet it appears to be the only practical method
which can meet the desired specifications for instrumenting numerous points on

structures in a high-temperatre furnace. Furthermore , no special technology
is required to use the NAPP devices other than the electronics technology
which is standard in any research l aboratory . Although problems will undoubt-
edly be encountered in developing the techni que , none which would seriousl y
affect the feasibility of a system based on the NAPP concept have been fore-

seen at the present time .
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SUMMARY AND CONCLUSIONS

A survey of the literature revealed a number of methods which have been
used in the past to measure strains in specimens at high temperatures. How-
ever , none of the methods described a technique for obtaining biaxial surface
strain plus the displacement perpendicular to the surface.

A new high-temperature strain instrumentation method was therefore de-
vised to provide the desired simultaneous strains and displacement measure-
ments. The technique involves a ceramic Needle And Pivot Point (NAPP) device
which translates the motion of i nterest to a location outside of the furnace
in which the actual test takes place , such that the motion can be measured by
standard room-temperature techni ques.

Several features of the system based on the NAPP device were investi-
gated , including (1) the availability of a suitable ceramic needle material ,
(2) the magnitude and depth of the temperature disturbance in the specimen
which would result from the needle-po int contact , (3) the f requency response
(rise-time ) which can be expected for a NAPP system , and (4) the feasibility
of a data acquisition system for 40 NAPP transducers used simultaneosuly to
instrument a structure tested inside a furnace. All aspects of the calculated
performance appear to be satisfactory . In addition , the instrumentation
system based on the NAPP transducer would be economical to produce , and would
involve only standard technology which is common to all research l aboratories.
It is therefore recommended that a development program be initiated to fabri-

5 ca te , test, and perfect the NAPP transducer in preparation for apply ing it in
full-scale tests of structures at elevated temperatures.
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APPENDIX A
THETA COMPUTER PROGRAM LISTING

The followi ng pages are a listing of program THETA , a special-purpose
finite-element computer program which was written to calculate the temperature
disturbance in the vicinity of the ceramic needle contact point in NAPP-

-; instrumented specimens.

R2/C
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FORTRAN X V VOiC --03C THU 19--OC t --,ti 00 u0 ~~) U’AL~I. ‘JO. ’.
CORE—A SK , LJ1C=1200,5i 1 I4hlA,LP~ I Hk1A4 1 (N

0001 1~~0(jRAM IHE l A
C - r t~I:RA f ukh iN M.~-’--

—---- -

0002 DIMENSION 1(30) ,R(30) .DI (30) ,HC (30 ) , 10(30 ) ,R0(30)  ,J ) ( 0C ~O)
1~ HCS( 30),kC0(30)

0003 CALL A~;SX(iN ( 2, ‘fHf~fA  OUt ~ I ‘ )
0004 WKITE(5~ iO~i)ooos i os FORMA l C ‘O1~N1 ER NE, CR, Uk, 1 ~~~

, 1 HX ‘ ~~ 
)

0006 REAl S,99)NE,4; wi~~kv th-, fNX
0007 95~ FORMA1U 4 ,41 12.3
00(>Ft
0009 10? ~OkMhT ( ‘OLNt CR ~~~~ DRO , RHO , CI’O, CO )
0010 R~AD (5,99 )NLO , Llk0, RHS , ct’o,t;o
0011 WRX JE (5 ,106 )
0012 A06 VORMA i ( ‘OI:N I CR )UM , UI P, RH , 1 OTOP = ‘

~~~ 
)

S ()014 kEAD(~~,90)U(h,DIP,kH ,fSf t f l’- 
- 0014 ‘/0 IUs ~MA T ( 4F10. 0)

0015 1N 0.
0016 T11=20.
001/ t ;P= .25
00113 t. 1111.
0019 A -i.32/
0020
0021 IF (NE • Of • 29>0(1 (0 26

0023 IF ( NE.0 • 01 • 2U ) (It) Ui 26
0025 51P=0.
0026
002? WR X 11. (2, 101 ) NEll , DRO , UH&;, CPO ~ CO
0020 101 FIJRMA IC 1~,X , ‘I’tWO IffiM IHL IA’ ,/ / /,  / X ,  ‘NLtI ‘ 1X~ ‘ 1:1kb ’ , /X~ ‘UkO ’ ix ’

1 ‘CPO ’ ,E~X ,  ‘CO’  , / ,  ix , P1,41- 10~ 3>
0029 WRXIL (2, 100 )NE , E’~~. R14,CI- , (MXoo:~() 100 FORMAT (/,UX, ‘NE ’ p O X ,  ‘Ilk’ ,HX ~ ‘RH ’ ,HX , ‘CP’ ,/ X ,  ‘ ( M X ’ , , ,  A X ,  i9,

14F 10. 3)
0031 WR iTE (2,104’ )Ck, (A , Ii IM p D IP , IbIOP
0032 i09 FORMA l (/,HX , ‘CR ’ ,OX , ‘ ( A ’ , 1X , ‘D IM’ , ix , ‘D IP’ ,~,X, ‘T fIuF ~’ ~,

1I9.4,F1O. 1,31 10.4,/)
• 0033 1A= 1A/~i/.2’1ó0034 l~P— (~F*4. 10/

003~, 01= • 5— , ~*COtI ( • ~,* (A )  —

0036 CPS—CPS*4 • 107
003/ RZ=CR*CO0 C • ~s* 1A > / OXN ( ~ ~*I A )
OOiFJ R (1)—R~ -

0039 rio i
0040 1C X ) =20 .
0041
0042 1 HC( I — .004 1m0*k14*CP* u I )**3--R( ~ - - z  )**~~)*OT /(;04J DO 4~ X—2,J
0044 RP ( R ( X ) - F .~,*))k)*CR/Ri.
0045 IF (R~ • LI • (I • i’14 ) 00 10 4~,004/ HC (1) = . 0019H*RH*CI>*Uk
00413 45 CON I IN IJE - 5

S 
‘ 0049 DO 21 X 2 , I

OO~50 21 R ( X ) — R ~ + ( X - - i.~,)* DR - -~~‘ ~~

0051 STS. .5
0052 R0 ( 1)—04  .~~

. .~~~~
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FORTRAN iv VQiC--03 ; T14tJ 19--OCT-- H (‘0 ~O 50 (‘AOL ut’2
CORE=iSK , U1C= (200,51 tI-IL’IA,Ll’—IHLI . i , I IN

005.s RO(2)=CIc
0054 DO 31 1= N~ !3t2— —

0055 31
0056 IM) 32 X=i ,NEt+1
0057 32

RCO ( i ) =2 2. 2/ C
0059 UCU( 2)=/9 .  5O$C 1./CR--i. / (Ck+.5*UK~~) )/ (CO*111 ~)0060 kt;O ( =kC +kt~3~~~ 

—

• 006i h O  33 i=1 ,NEO
0062 fb( i) 20.
006.5 33
0064 HCO C ) =HC~. C x ) +HCO (2)
0065 1.10 34 1=2~ NEl,
0064 OCO ( 1)  =HL~ C i + ~ 

)
006 / 34
006(1 DIEMP -OL*b IN
0069 11=20 .
00/0 4’ IM= (M+D( M
00/1 N= 1
0012 DfM x= (MX— lO (NEO )
0O/~ IAJ:l- 0 lI MP
00/4 iF( I. ’ IMX.l. I. lA D> I A1fl - L’(MX
007/1 III) 3o .t = 1 ,NEtI
00//  36 f b ( f l = T S ( i ) F (~0J
00/1% ( C ) .) Ii
00/9 25 ( I N - 0 .
0000 .LF(N.LU.J)00 (13
0002 I MV = .5*(( (N+ 1 )+ I (N))
00113 C—EX P ( A*AI .O( i ( 1  hV+2i.~ • > +0)
0004 ~t-~~(R ( N ’ + .5*Uk)*CK/k2
00(35 1F (RP. tI I .0.194) (it) II) 43
0087 44 K ( ;— / 9 . 5 H *( 1 ./ k t N ~~-i ./k N+i / (C *O f
0008 iF (N • EU • A >60 10 35
0090 UN =( l ( N ) - r ( N+ 1) ) / R C
0091 24 )Jf ( N)= (t f l . --tf t4 )* It lM/ HC(N)
0092 22 (IL=UN
0093 IF (N .Etl.J)(il) (0 4(’
0095 N=N+ i
0094 00 10 25
0097 .55 (JN= ( IOCI )- - ( (2))/CRC+KCOC1 )>
0098 RCZ=RL.
0094’ U/-tIN
010(’ 00 Iii ;~~01(11 43 CR — 31H./(C*Uk)
0102 ULI 10 44
0103 40 (4t. 142
0104 N i
0105 .39 UN=0,
0106 II (M .EU.NLO OO 10 30
01013 (1N— (15(M+ -It ;(M))/ Rt :5(Pi+ i )
0109 38 J ) I~~( M )— C ( IH -Ul_)* DIM/ HC8(M)
0110 M M+l
0111 (1L. 11N
0112 1F( M. L t .  •NU.>6() 10 39
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FORTRAN J V V(’i C-— 03C 1 flU i ‘l--OC1 -—1 ( 1 0(3 00 :5(1 I’AOE 0u.~CORE—ASK , 016—1:200 , s:i 1141 IA , l_ I’~ ( Ui_ I ~ • (N

0114 DO H X = 2 p J
0115 H ~~~~~~~~~~~~~~~~ 

- - -  - - -

0116 110 41 1 1,NEli
011? 41 TS( I)~~Ii (X )+UUi (X )
011(1
0119 6 D (TM •L.l• IP)ti() 10 5
0121 WR11~.(2, 10)lM ,UZ
0122 IC) FORM (/// Xr-’f PtE-’-rt~1p .3,1OX,’f$EAf I LOW’~~t 9 . 2 , ’ W A I (O’ ,//,2A ,

A ‘N’ ,12X , ‘R’ , lOX , ‘TEMP’ .1)
0123 DO 11 1 1,J
0124 11

-~~ 0125 00 42 1 1rNEO
0124 42 WR I1E (2 ,i2Lt ,IWLt ) ,lO ( I)
012 7 TP = 1F~+ElTP
012*3 5 IF C TM • (31 • lw ior > Go 10 1
0130 (30 (0 9
0131 26 WR I1E(5,2/ )  - -

0132 2? VORMAT ( ‘tINE OR NEll 10 IOU LARGE’)
01..43 12 Ff ,RMAI (A X , . L 3 p l 1 3 . 3 , F 14 . 2 )
0134 / CALL SPCIUL(2,XY2 )- -

013 5 ~i1 () F .
0136 EN))

- t-4

•1

- -,

~~.

LI~~~~-5-4
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